The daily timing of when PERIOD (PER) proteins translocate from the cytoplasm to the nucleus is a critical step in clock mechanisms underpinning circadian rhythms in animals. Numerous lines of evidence indicate that phosphorylation plays a prominent role in regulating various aspects of PER function and metabolism, including changes in its daily stability and subcellular distribution. In this report, we show that phosphorylation of serine 661 (Ser661) by a proline-directed kinase(s) is a key phospho-signal on the Drosophila PER protein (dPER) that regulates the timing of its nuclear accumulation. Mutations that block phosphorylation at Ser661 do not affect dPER stability but delay its nuclear entry in key pacemaker neurons, yielding longer behavioral rhythms. Intriguingly, abolishing phosphorylation at Ser661 also attenuates the extent of dPER hyperphosphorylation in vivo, suggesting the phosphorylated state of Ser661 regulates phosphorylation at other sites on dPER. Indeed, we identify Ser657 as a site that is phosphorylated by the glycogen synthase kinase GSK-3␤ (SHAGGY; SGG) in a manner dependent on priming at Ser661. Although not as dramatic as mutating Ser661, mutations that abolish phosphorylation at Ser657 also lead to longer behavioral periods, suggesting that a multi-kinase hierarchical phosphorylation module regulates the timing of dPER nuclear entry. Together with evidence in mammalian systems, our findings implicate prolinedirected kinases in clock mechanisms and suggest that PER proteins are key downstream targets of lithium therapy, a potent inhibitor of GSK-3␤ used to treat manic depression, a disorder associated with clock malfunction in humans.
Introduction
Phosphorylation programs have emerged as important regulatory schemes common to circadian (Х24 h) pacemakers that help drive daily changes in the stabilities, subcellular localizations, protein-protein interactions, and activities of central "clock" proteins (for review, see Bae and Edery, 2006; Gallego and Virshup, 2007) . A conserved feature of circadian clocks in animals is that PERIOD (PER) proteins undergo daily changes in phosphorylation, modifications that are likely to be the principal biochemical "state variable" driving the pace of these clocks. Studies in Drosophila melanogaster have been instrumental in our understanding of clock mechanisms in general and mammalian ones in particular.
The D. melanogaster intracellular clock mechanism is most generally represented as two interconnected feedback loops with overlaying posttranslational regulatory circuits (for review, see Hardin, 2005) . Prominent players in the first or "major" loop are PER [herein referred to as Drosophila PER (dPER)], TIMELESS (TIM), CLOCK (dCLK), and CYCLE (CYC) (homolog of mammalian BMAL1). dCLK and CYC are transcription factors of the basic helix-loop-helix/PAS (Per-Arnt-Sim) superfamily that heterodimerize to stimulate the daily transcription of dper and tim, in addition to other clock and downstream genes. dPER plays a pivotal role in driving cyclical gene expression by undergoing daily translocation from the cytoplasm to the nucleus in which it functions as a critical nexus in the phase-specific inhibition of dCLK-CYC transcriptional activity. Kinases are key players controlling when in a daily cycle dPER engages in autoinhibition by regulating its stability, timing of nuclear entry, duration in the nucleus, and possibly repressor potency (for review, see Bae and Edery, 2006) .
How phosphorylation modulates the timing of dPER nuclear entry/accumulation is not clear. dPER is progressively phosphorylated in a time-of-day-specific manner, appearing as newly synthesized hypophosphorylated isoforms in the cytoplasm during the late day/early night to exclusively hyperphosphorylated variants in the nucleus during the late night/early morning that are rapidly degraded (Edery et al., 1994) . Three kinases, DOUBLETIME (DBT) [homolog of mammalian casein kinase I␦/ (CK1␦/)], CK2 (formerly known as casein kinase 2), and SHAGGY (SGG) [Drosophila homolog of glycogen synthase kinase-3␤ (GSK-3␤)] have been implicated in regulating the nuclear localization of dPER (Bao et al., 2001; Martinek et al., 2001; Lin et al., 2002 Lin et al., , 2005 Akten et al., 2003; Cyran et al., 2005) . Unlike DBT and CK2, it is thought that the effects of SGG on dPER might be rather indirect via TIM (Martinek et al., 2001 ). Herein we identify Ser661 as a key phospho-signal regulating the timing of dPER nuclear entry. Phosphorylation at Ser661 enables subsequent phosphorylation at Ser657 by SGG. Together, the results implicate a novel role for proline-directed kinases in clock mechanisms and raise the intriguing possibility that PER proteins are key targets of lithium, which is a potent inhibitor of GSK-3␤ and used in the treatment of manic depression, a disorder linked to altered clock function in humans (for review, see McClung, 2007) .
Materials and Methods
Transgenic flies. To generate transgenic flies carrying dper mutations, we used the previously characterized vector that contains a 13.2 kb dper genomic fragment tagged with an hemagglutinin (HA) epitope and multiple histidine residues (10XHis) at the C terminal (13.2per ϩ -HAHis) (Lee et al., 1998) . A XbaI-BamHI subfragment of this vector (including sequences encoding amino acids 1-870 of dPER) was subcloned into pGEM7 vector (Promega). This was used as the template for site-directed mutagenesis using the QuikChange Site-Directed Mutagenesis kit (Stratagene). Mutated dper regions were confirmed by DNA sequencing and used to replace the corresponding fragment in the 13.2per
ϩ -HAHis plasmid. Transgenic flies were generated by Genetics Services using standard P element-mediated transformation techniques and w 1118 per ϩ (referred to as either wper ϩ or w) embryos as hosts. For each construct, several independent germ-line transformants in the wper ϩ background were obtained, yielding; p{dper}, p{dper/S661A}, and p{dper/S657A}. In addition, the transgenes were crossed into a wper 01 genetic background (kindly provided by P. Hardin, Texas A & M University, College Station, TX), as described previously . All flies were routinely reared at room temperature (22-25°C) and maintained in vials or bottles containing standard agar-cornmeal-sugar-yeast-tegosept media.
Locomotor activity. Locomotor activity was continuously monitored and recorded in either 15 or 30 min bins by placing individual adult male flies (3-to 7-d-old males) in glass tubes and using a Trikinetics system as described previously . Briefly, flies were kept in incubators at the indicated temperature (18 o , 25 o, or 29°C) and entrained for at least three cycles of 12 h light/dark cycle (LD) [in which Zeitgeber time (ZT) 0 is the start of the light period], followed by at least 7 d in constantdark conditions (DD) for determination of free-running period. Cool white fluorescent light (ϳ2000 lux) was used during LD, and the temperature did not vary by Ͼ0.5°C between the light and dark periods. Data analysis was done on a Macintosh computer with the FaasX software (kindly provided by F. Rouyer, Centre National de la Recherche Scientifique, Gif-sur-Yvette, France). Rhythmic flies were defined by 2 periodogram analysis with the following settings: power Ն20, width Ն2, and number of peaks Յ3. Values for individual flies were pooled to obtain an average value for each independent line analyzed (see Table 2 ) (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). For each construct, locomotor activity rhythms were measured from at least two independent lines in the wper 01 and wper ϩ genetic backgrounds, which are representative of behavioral results obtained with other independent transgenic lines (data not shown). The wild-type control dper-containing transgene [wper 01 ;per ϩ -HAHis (line termed M16); more simply referred to here as per 0 ;p{dper} (M16)] was described previously .
Plasmids for S2 cell expression and site-directed mutagenesis. Plasmids expressing dper-V5-His fragments of various lengths (supplemental Fig.  S1 , available at www.jneurosci.org as supplemental material) were a generous gift from Dr. Reppert (University of Massachusetts Medical School, Worcester, MA) and were described previously (Chang and Reppert, 2003) . The pAct-dper--V5-His and pMTdbt-V5-His (Ko et al., 2002) plasmids used in this study were described previously. To generate either full-length or truncated versions of dper containing point mutations (e.g., S661A, P662A), we used the previously described pAct-per-V5-His vector (Ko et al., 2002) in combination with the QuickChange Site-Directed Mutagenesis kit (Stratagene), and the final construct was confirmed by DNA sequencing. We also generated a construct whereby expression of the open reading frame (ORF) for sgg was placed under the control of the metallothionein promoter (pMT). This was done by extracting total RNA from Drosophila Schneider S2 cells and using reverse transcription (RT)-PCR in the presence of appropriate primers that also contained suitable restriction enzyme sites to facilitate subcloning the sgg ORF into the pMT-V5-His vector (Invitrogen). Final constructs were confirmed by sequencing before use.
Cell culture-based assays. S2 cells and Drosophila Expression System (DES) expression medium were obtained from Invitrogen, and transient transfections were performed using either cellfectin (Invitrogen) or effectene (Qiagen) according to the instructions of the manufacturers. For each transient transfection, 0.8 g of different dper containing plasmids and 0.2 g of pMT-dbt-V5-His or empty control pMT-V5-His plasmids were used. Expression of dbt or sgg was induced by adding 500 M CuSO 4 to the culture media 36 h after transfection, and cells were collected at the indicated times after induction. When indicated, the proteasome inhibitor MG132 (50 M; Sigma) or cycloheximide (10 g/ml; Sigma) were added to the media 20 h after dbt induction, and cells were collected 4 h later.
To measure dCLK-mediated transactivation, we used the well characterized reporter-based assay (Darlington et al., 1998) , with the modifications described previously (Kim and Edery, 2006) . Briefly, S2 cells were transfected with 2 ng of a pMT-dClk vector either alone or mixed with various amounts of one of the following; pAct-dper ϩ , pAct-dper(S661A), or, pAct-dper(S657A). One day after transfection, 500 M CuSO 4 (final) was added to the media, cells were collected 24 h after inducing dClk expression, and luciferase (Luc) activity was measured.
Phosphorylation site mapping. Hygromycin-resistant stable S2 cell lines expressing pMT-3XFLAG-His-dper alone or with pMT-sgg were established for dPER purification. Phosphorylation site mapping using mass spectrometry and data analysis were performed as described previously (Schlosser et al., 2005; Vanselow et al., 2006; Chiu et al., 2008) .
Immunoblotting. For immunoblotting of proteins produced in S2 cells, the cells were washed with PBS, cell-free extracts were prepared, and immunoblotting of target proteins was performed as described previously (Ko et al., 2002) . Briefly, cells were homogenized in EB1 solution (10 mM HEPES, pH 7.5, 5 mM Tris-HCl, pH 7.5, 50 mM KCl, 10% glycerol, 2.5 mM EDTA, 5 mM DTT, 0.2% Triton X-100, and 2.5 mM NaF), with the addition of a protease inhibitor cocktail at the concentration as recommended by the manufacturer (Roche). In the case of extracts generated from fly material, representative lines [wild-type control, (M16); S661A(F25), S661D(M33), and S657A(F1)] were selected for biochemical analysis, and immunoblotting was performed essentially as described previously (Lee et al., 1998) . Briefly, flies were collected by freezing at the indicated times in LD or DD, heads were isolated, and extracts were prepared using EB1 buffer as above. Extracts were resolved by SDS-PAGE and immunoblotted essentially as described previously . Gels differing in polyacrylamide concentration were used to resolve different proteins [i.e., 6% for dPER; 10.5% for dPER(560 -1034)]. Primary antibodies were used at the following dilutions: mouse anti-V5 (Invitrogen), 1:5000; rat anti-HA (3F10; Roche), 1:1000; and rabbit antiphospho-Ser 661 (Rb1; see below), 1:500. Appropriate HRP-conjugated IgG secondary antibodies were used at a 1:1000 dilution (GE Healthcare).
Immunoprecipitation and phosphatase treatment. Cell-free extracts, either from S2 cells or fly heads, were prepared using EB2 buffer (10 mM HEPES, pH 7.5, 5 mM Tris-HCl, pH 7.5, 50 mM KCl, 10% glycerol, 1 mM EDTA, 1 mM DTT, and 0.1% Triton X-100), with the addition of a protease inhibitor cocktail (Roche), as indicated above. To the extracts, 20 l of anti-HA agarose (Sigma) or anti-V5 agarose (Sigma) resins were added depending on the sought after target protein and incubated with gentle rotation for 3-5 h at 4°C. Beads were collected using light centrifugation. Phosphatase treatment of immune complexes was performed as described previously (Lee et al., 1998; Kim et al., 2007) . Briefly, resins containing dPER-bound immune complexes were divided into three equal aliquots. To one aliquot, vanadate was added to a final concentration of 40 mM, followed by the addition of 200 U of -protein phosphatase (New England Biolabs); a second aliquot was treated in an identical manner except that vanadate was omitted, and no addition was made to the final aliquot. Beads containing the immune complexes were mixed with 30 l of 1ϫ SDS-PAGE sample buffer and incubated for 5 min at 100°C, and the resulting supernatants were resolved by immunoblotting using 6 or 10.5% polyacrylamide gels, as indicated in the legends to figures.
Confocal imaging of adult brains. Whole mounts of adult brains were prepared and imaged as described previously . Briefly, adult flies were dissected in ice-cold PBS, and at least five to seven brains were analyzed for each time point. Heads were cut open, fixed in 4% paraformaldehyde for 30 min, and washed with PBS containing 1% Triton X-100. Brains were dissected out, incubated with a blocking solution containing PBT solution (PBS containing 0.5% Triton X-100) with 10% horse serum, and incubated for 30 min to a few hours. Primary antibodies were directly added to the blocking solution and incubated for 1 d at 4°C. The following antibodies and final dilutions were used: (1) anti-HA antibody (3F10; Roche) at 1:100 and (2) anti-pigment dispersing factor (PDF) antibody (C7) at 1:200 (Cyran et al., 2005) . Subsequently, the brains were briefly washed with PBT, blocking solution containing secondary antibodies was added, and the brains were incubated overnight at 4°C. The secondary antibodies used were Alexa Fluor 488-conjugated anti-rat IgG (Invitrogen) or tetramethylrhodamine isothiocyanateconjugated anti-mouse IgG (Sigma), both at a final dilution of 1:200. After several washes with PBT, brains were transferred onto slides and mounted with Vectashield (Vector Laboratories) on a coverslip. Confocal images were obtained with a Leica SP2 confocal microscope and processed with LCS Lite software (Leica) and Photoshop (Adobe Systems).
Generation of dPER phospho-specific S661 antibodies. Affinity-purified dPER anti-phospho-S661 antibodies were purchased from Proteintech Group. Briefly, two rabbits were immunized with a 15 aa peptide (amino acid 655-GASGPMpSPVHEGSGG-amino acid 669, in which p indicates phosphate, and numbering is based on the full-length dPER sequence) that was conjugated to the carrier keyhole limpet hemocyanin. Antisera was subjected to affinity purification on a resin containing the phosphopeptide, yielding anti-phospho-S661 antibodies [(dPER/pS661)-Rb1 and (dPER/pS661)-Rb2]. Specificity for phosphorylated S661 was confirmed by treating dPER with phosphatases and probing mutant versions of dPER (Fig. 4 D) (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material).
In vitro kinase assay. For in vitro kinase assays, S2 cells were transiently transfected with the plasmid pAct-dper(560 -1034)-V5 using cellfectin and incubated for 48 h. Cell-free extracts were prepared using EB2 and dPER(560 -1034)-V5 affinity purified using anti-V5 agarose, as described above. Immune complexes were first treated with 200 U of -phosphatase (New England Biolabs) for 30 min. This was followed by extensive washing with EB2, equilibration in the appropriate kinase reaction buffer, and subsequent subjection to in vitro kinase assays with the indicated commercially available kinase(s) (New England Biolabs) and suggested reaction buffer(s) according to the protocols of the supplier. Briefly, anti-V5 agarose beads with bound dPER(560 -1034) were mixed with 50 l of kinase reaction buffer containing 500 U of the indicated recombinant kinase, 200 M ATP, and 10 Ci of [␥-
32 P]ATP, followed by incubation with occasional mild mixing at 30°C for 30 min. For assays in which two kinases were sequentially added, each kinase reaction was done as above in the presence of "cold" and 32 P-radiolabeled ATP, except that, after the first incubation with kinase, the beads were extensively washed and reequilibrated in the appropriate kinase reaction buffer for the second kinase. Reactions were terminated by the addition of 2ϫ SDS-PAGE sample buffer and resolved on 10.5% polyacrylamide gels. Subsequently, gels were dried, radioactive bands were visualized using a Typhoon 9400 Imager, and the intensity was quantified using Imagequant software (Molecular Dynamics).
RT-PCR-based assay to measure relative dper RNA levels. The relative levels of dper mRNA in fly head extracts were measured by semiquantitative RT-PCR as described previously (Majercak et al., 2004) . Briefly, vials containing ϳ100 young (2-6 d old) adult flies were placed in controlled environmental chambers at 25°C, exposed to at least four LD cycles, and collected by freezing at selected times during LD or the first day of DD. For each time point, total RNA was extracted from ϳ30 l of fly heads using TriReagent (Sigma) and following the recommended procedure of the manufacturer. Approximately 2 g of total RNA was incubated in a final volume of 20 l, and reverse transcription was performed using oligo-dT 20 as a primer and the ThermoScript RT-PCR kit from Invitrogen, according to the recommended procedure of the manufacturer. A 2 l aliquot of the reaction was further processed by PCR in a final volume of 50 l using the dper-specific primers P7197 and P6869, as described previously (Majercak et al., 2004) . To control for sample-tosample differences in total RNA, we also included primers for the noncycling mRNA encoding for cap binding protein 20 (Majercak et al., 2004) .
Results

Identification of Ser661 as a phosphorylation site on dPER; effects on global DBT-mediated phosphorylation but not stability
We previously described a simplified system using cultured Drosophila Schneider (S2) cells that can mimic the DBT-dependent progressive phosphorylation of dPER and subsequent targeting of highly phosphorylated isoforms by the F-box protein SLIMB (Drosophila homolog of mammalian ␤-TrCP) for rapid degradation by the proteasome (Ko et al., 2002; Ko and Edery, 2005) . In this system, S2 cells (which do not have an endogenously operating functional clock) are transfected with plasmids containing the dper and dbt open reading frames. Expression of dbt is controlled by the copper-inducible pMT, whereas the constitutive actin5C promoter (pAct) drives expression of epitope-tagged versions of dper. After induction of dbt, fulllength dPER undergoes progressive increases in phosphorylation that are readily detected as temporal decreases in electrophoretic mobility ( Fig. 1 D, compare lanes 1, 3) . Importantly, daily changes in the electrophoretic mobility of dPER are mostly or solely attributable to phosphorylation (Edery et al., 1994; Ko et al., 2002) . Thus, in both cultured cells and flies, changes in the electrophoretic mobility of dPER serve as a strong indicator of differential phosphorylation.
In one approach to map phosphorylation sites, we analyzed a range of dPER deletion mutants using this system (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). We observed that several centrally located dPER fragments [e.g., dPER(513-892) and dPER(560 -1034)] exhibit substantial DBT-mediated decreases in electrophoretic mobility (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), indicating that there are multiple phosphorylation sites between amino acids 560 -892. Although DBT stimulates the degradation of full-length dPER Price et al., 1998; Ko et al., 2002) , highly phosphorylated dPER(513-892) or dPER(560 -1034) remain stable (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material), in agreement with our recent findings showing that N-terminal phosphoryla-tion sites (e.g., Ser47) are critical for SLIMB binding (Chiu et al., 2008) . As an initial attempt to identify physiologically relevant phosphorylation sites between amino acids 560 -892, we compared dPER sequences from several Drosophila species. We were intrigued by a highly conserved Ser-Pro pair beginning at amino acid 661 of D. melanogaster PER because it was buried in a nonconserved region (Fig. 1A) and raised the possibility of proline-directed kinases in the Drosophila clockworks.
We first sought to determine whether Ser661 is endogenously phosphorylated in S2 cells by comparing the electrophoretic mobilities of control dPER and a mutant version in which Ser661 was replaced by Ala (S661A). To maximize the ability to discern phosphorylation-dependent electrophoretic mobility differences, we evaluated the effects of mutating S661 within the context of smaller fragments of dPER. Indeed, we observed an additional slower mobility isoform of dPER(560 -1034) that was missing in the S661A version [dPER(560 -1034)/S661A] (Fig.  1 B) . Furthermore, of the two mobility isoforms of dPER(560 -1034), the fastest comigrates with the mutant dPER(560 -1034)/ S661A (Fig. 1 B) . That the slower migrating species is attributable to phosphorylation was confirmed by treating purified dPER(560 -1034) with phosphatase (Fig.  1C) . These results are consistent with our recent findings using mass spectrometry in which we showed that S661 on fulllength dPER expressed in S2 cells is phosphorylated by endogenous kinases (Chiu et al., 2008) (Table 1 ). The intensity of the slower migrating dPER(560 -1034) species is approximately threefold greater compared with the faster migrating isoform ( Fig. 1 B, lane 1) , suggesting that in our S2 culture system the majority of dPER proteins contain a phosphate at S661.
Having established that Ser661 is endogenously phosphorylated in S2 cells, we sought to determine whether phosphorylation at this site has noticeable effects on the stability and/or global phosphorylation of full-length dPER after induction of DBT. As reported previously, under our experimental conditions, dPER exhibits extensive phosphorylation and substantial degradation by 24 h after dbt induction ( Fig. 1 D, lanes 1, 3) (Ko et al., 2002; Ko and Edery, 2005; Chiu et al., 2008) . Although DBT evoked increases in the global phosphorylation of dPER/S661A, the slowest mobility isoforms detected were below those observed for the control dPER ( Fig. 1 D, lanes 3, 4) . This was the case even in the presence of MG132 to block SLIMB-dependent degradation (Ko et al., 2002) (Fig. 1 D, lanes 5, 6) and when we added cycloheximide to inhibit translation and "chase" preexisting dPER isoforms toward hyperphosphorylation ( Fig.  1 E, lanes 3, 4) . These results indicate that the inability to detect the slowest mobility isoforms normally observed with control dPER is not because these variants are extremely unstable in the case of dPER/ S661A. Although we have not established a direct relationship between the electrophoretic mobility of dPER and the number of sites phosphorylated, it is highly likely that the extent of DBTmediated phosphorylation of dPER is attenuated in the S661A mutant.
To better compare the levels of dPER and dPER/S661A after dbt induction, we immunoprecipitated dPER proteins and treated the samples with phosphatase to collapse the different electrophoretic mobility isoforms to a more uniformly sharp band. It is clear that the S661A mutation has little to no effect on DBT-mediated degradation (Fig. 1 D, lanes 7, 8) . This is consistent with our recent study showing that the main DBT-mediated phosphorylation signals governing the stability of dPER are found in the N-terminal first 100 aa and that global phosphorylation by DBT is not tightly linked to dPER stability (Chiu et al., 2008) . After phosphatase treatment, both dPER and dPER/S661A had indistinguishable electrophoretic mobilities (Fig. 1 D, lanes 7,  8) , indicating that the slight mobility differences in the absence of induced DBT (Fig, 1 D, lanes 1, 2) are attributable to differential phosphorylation by endogenous kinases (Fig. 1 B) . Thus, although blocking phosphorylation at S661 appears to reduce (D, lanes 7, 8) . Where indicated, the proteasome inhibitor MG132 (50 M final) and the translation inhibitor cycloheximide (CHX; 10 g/ml final) were added to the media at 20 h after dbt induction, and cells were collected 4 h later. Each experiment was done at least three times, and representative examples are shown.
DBT-mediated global phosphorylation of dPER, it does not play a significant role in regulating the stability of dPER. Similar results were also obtained when S661 was replaced with Asp or Glu (data not shown), suggesting that in this context the negatively charged amino acids do not function as phospho-mimetics (see below).
Phosphorylation at S661 primes additional phosphorylation at S657 by SGG Based on the possibility that phosphorylation of S661 might affect phosphorylation at other sites, we were intrigued by a nearby Ser residue (S657 in D. melanogaster) that is conserved in some but not all Drosophila dPERs (Fig. 1 A) . Phosphorylation at S661 generates a good consensus for a GSK-3␤/SGG site at S657, because this kinase usually requires a priming phosphate located at n ϩ 4 (where n is the site of phosphorylation by GSK-3␤/SGG) (Cohen and Frame, 2001) . As above, we used the dPER(560-1034) fragment to maximize observing phosphorylationdependent changes via electrophoretic mobility changes. The induction of recombinant SGG leads to time-dependent decreases in the electrophoretic mobility of dPER(560 -1034), resulting in the appearance of at least two slower mobility variants (Fig. 2 A, compare lanes 1, 2; herein termed ␣1 and ␣2). Treatment of cells with lithium, an inhibitor of GSK-3␤/SGG (Cohen and Frame, 2001 ), but not potassium blocks the appearance of the slower-mobility dPER(560 -1034) isoforms observed after induction of SGG (Fig. 2 B) . However, lithium treatment did not block the appearance of the dPER(560 -1034) mobility isoform associated with S661 phosphorylation (Fig. 2 B , filled arrowhead; and data not shown). These results indicate that SGG is unlikely to be the S661 kinase, although there are examples in which GSK-3␤ phosphorylates Ser/Thr residues with an upstream flanking Pro (Li et al., 1998; Kim and Kimmel, 2000; Kannan and Neuwald, 2004) . The SGGdependent phospho-isoforms were abolished or severely reduced when assaying the S661A mutant ( Fig. 2A, compare lanes  2, 6) , indicating that both the ␣1 and ␣2 species are dependent on priming at S661. Also, ␣2 but not ␣1 is detectable when probing the S657A mutant ( Fig. 2A, compare  lanes 2, 4) , strongly suggesting that the ␣1 species is attributable to S657 phosphorylation and that there are multiple SGGdependent sites on dPER. Studies using in vitro approaches described below (Fig. 3) are consistent with phosphorylation at S661 priming the ability of GSK-3/SGG to phosphorylate S657.
Induction of SGG did not lead to detectable changes in the electrophoretic mobility of full-length dPER nor did it affect its stability (Fig. 2C, lanes 1, 3) . Similar results were also obtained for the dPER/S661A and dPER/S657A mutants (Fig. 2C,D) . Also, after induction of DBT, the electrophoretic mobilities of dPER/ S657A and wild-type dPER were indistinguishable (Fig. 2 D, lanes  3, 4) , unlike dPER/S661A (Fig. 1 D, E) . Together, the results obtained in cultured cells indicate that (1) phosphorylation at S657 or S661 on dPER has little to no effects on dPER stability, (2) SGG has no noticeable effects on dPER levels, (3) phosphorylation of dPER by SGG is less extensive compared with DBT and/or the sites phosphorylated by SGG evoke small changes in the electrophoretic mobility of full-length dPER, and (4) the phosphorylated status of S661 appears to have more global effects on dPER phosphorylation compared with that of S657, consistent with its role as a priming site for SGG-mediated phosphorylation of S657 and other sites (Fig. 2 A) .
It is not clear why detectable levels of S657 phosphorylation require the induction of exogenous SGG (Fig. 2 A) . If most of Ser661 is endogenously phosphorylated (Fig. 1 B) , why is endogenous SGG not sufficient to maintain S657 in a mostly phosphor- Figure 2 . GSK-3␤/SGG phosphorylates S657 and likely other sites on dPER in a hierarchical manner that depends on previous phosphorylation of S661. A, S2 cells were transiently cotransfected with the indicated versions of pAct--dper(560 -1034)-V5 [wild type (WT); S657A or S661A] and pMT-sgg-V5-His. Cells were collected either just before inducing recombinant sgg (Ϫ) or 24 h after sgg induction (ϩ). Recombinant dPER was visualized by immunoblotting in the presence of anti-V5 antibodies. Exogenous expression of sgg leads to the appearance on several novel mobility isoforms of wild-type dPER(560 -1034), herein termed ␣1 and ␣2 (arrows, left). Also indicated are the S661 phosphorylated (filled arrowhead) and S661 nonphosphorylated (open arrowhead) dPER(560 -1034) mobility isoforms observed in the absence of exogenously expressed kinases (see Fig. 1 B) . Note that the S657A mutant does not block S661 phosphorylation (lane 4), and, in the presence of recombinant SGG, only the ␣2 isoform is detected (lane 4). In the case of the S661A mutant, both the ␣1 and ␣2 isoforms are not detected (lane 6). B, Detection of the SGG-mediated ␣1 and ␣2 dPER(560 -1034) isoforms is blocked in the presence of the GSK-3␤/SGG inhibitor LiCl (10 mM, final; lane 2) but not KCl (10 mM, final; lane 1). Recombinant sgg was induced for 24 h. C, D, S2 cells were transiently cotransfected with plasmids containing different versions of full-length dper-V5-His [wild type (WT); S657A or S661A] and either pMT-sgg-V5-His or pMT-dbt-V5-His, as indicated (Ϫ, ϩ). Cells were collected 24 h after induction of dbt or sgg, and dPER-V5 was visualized by immunoblotting. Each experiment was done at least three times, and representative examples are shown. e,f S149, S151, g S153 S149, S151 S164, S169, S174áPñ
f S1130áPñ S1185, S1187áPñ ͓S1204, T1205, S1206͔ One of the sites in brackets is phosphorylated. g S151 and S153 were identified previously as putative CK2 phosphorylation sites . h áPñ denotes residues that are next to a proline. ylated state? Although this is not clear, a similar situation has been noted for DBT; despite the presence of endogenous dbt expression in naive S2 cells, ectopic dbt expression is required to observe substantial DBT-mediated phosphorylation of dPER (Ko et al., 2002) . A likely reason is that the levels/activity of certain endogenous kinases that target dPER are not sufficient to overcome the strong counterbalance from endogenous protein phosphatases (Sathyanarayanan et al., 2004) .
The Ser residue at position 661 is followed by a proline residue, indicating that S661 is phosphorylated by a "Pro-directed" kinase. These kinases are part of the CMGC family of kinases that include several subfamilies, such as mitogen-activated protein kinases (MAPK), cyclin-dependent kinases (CDKs), and dualspecificity tyrosine-regulated kinases (DYRKs) (Kannan and Neuwald, 2004) . It is unlikely that the kinase phosphorylating S661 would be from outside the CMGC family because the flanking Pro residue on the substrate greatly constrains the kinds of kinases that can recognize and phosphorylate the aminoproximal Ser/Thr acceptor site (Kannan and Neuwald, 2004) . Indeed, replacing P662 with other residues completely abolished phosphorylation of dPER(560 -1034) at the S661 site in cultured cells (supplemental Fig. S4C , available at www.jneurosci.org as supplemental material).
To further investigate the phosphorylation of dPER by SGG, we used a mass spectrometric approach (Schlosser et al., 2005; Vanselow et al., 2006 ) that we used previously to identify DBTdependent phosphorylation sites on dPER (Chiu et al., 2008) . Stable S2 cell lines were generated that coexpress inducible versions of Flag-tagged dPER and untagged SGG. This was followed by proteolytic digestion, phosphopeptide enrichment, and mass spectrometry of affinity-purified dPER-FLAG. We identified ϳ20 phosphorylation sites in the dPER ϩ SGG sample, of which S657 was one of 11 sites not identified in the dPER alone sample (Table 1) . Although several of the phospho-sites identified in the dPER ϩ SGG sample are identical to those detected previously in dPER ϩ DBT samples (Table 1) (Chiu et al., 2008) , phospho-S657 was only observed in the dPER ϩ SGG sample. Likewise, in the dPER ϩ SGG sample, we did not observe phosphorylation of S47, which is phosphorylated by DBT and critical for generating a SLIMB binding region on dPER (Chiu et al., 2008) . Thus, it is likely that robust phosphorylation at S47 and S657 is highly dependent on DBT and SGG, respectively, and these phosphorylation events can occur independent of each other.
Nonetheless, more quantitative mass spectrometry procedures would have to be undertaken to try to achieve reliable comparisons between samples. For example, some of the overlap in phospho-sites between the dPER ϩ SGG and dPER ϩ DBT samples might be "false positives" attributable to sample-tosample variation in detection of sub-stoichiometric phosphorylation by endogenous DBT and/or other kinases. Thus, from our mass spectrometry data, we cannot determine with any degree of certainty what other phospho-sites on dPER besides S657 (in which we have other lines of evidence) might be phosphorylated by SGG in a manner dependent on priming at S661, as suggested from our biochemical results (Figs. 1 D, 2A) . Ongoing work is aimed at better establishing the physiological roles of the cumulative phospho-sites we identified by mass spectrometry.
To obtain more direct evidence that phosphorylation at S661 can prime subsequent phosphorylation at S657 by SGG, purified dPER(560 -1034) was pretreated with -phosphatase and subsequently incubated with several commercially available kinases in the presence of [␥- 32 P]ATP. Although we did not do an extensive interrogation of CMGC kinases, the classic MAP kinase ERK2 (extracellular signal-regulated kinase) evoked a mobility shift in dPER(560 -1034) that is consistent with phosphorylation at S661 (Fig. 3A, compare lanes 1, 3) . Several control experiments, including an S661A mutant and the use of phospho-specific antibodies (see below), confirmed that ERK2 can phosphorylate S661 (Fig. 3B, compare lanes 1, 3) .
In a second set of experiments, phosphatase-treated dPER(560 -1034) was first incubated with ERK2, extensively washed, and subsequently incubated with GSK-3␤ (the mammalian homolog of SGG). The addition of GSK-3␤ shifted the mobility of the ERK2-phosphorylated dPER(560 -1034)-V5-His to a slightly slower isoform (Fig. 3A, compare lanes 3, 4; B, compare lanes 1, 2), remarkably similar to the ␣1 variant observed in cultured cells (Fig. 2A) . When singly added, GSK-3␤ does not lead to a noticeable mobility shift in dPER(560 -1034) (Fig. 3A, compare  lanes 1, 2) . Also, GSK-3␤ did not shift the mobility of either an S657A or S661A mutant, whereas the ability of ERK2 to phosphorylate S661 was not affected by blocking phosphorylation at S657 (Fig. 3B) . That the fast migrating dPER(560 -1034) isoform is still radiolabeled in the absence of exogenous kinases (Fig. 3A,  lane 1) or when using the S661A version (Fig. 3B, lanes 3, 4) is likely attributable to phosphorylation by copurifying endogenous kinases at other sites besides S657 and S661 that do not lead to detectable electrophoretic mobility shifts. Thus, our in vitro analysis is consistent with a model whereby S661 is first phosphorylated by a Pro-directed kinase(s), an event that can act to prime additional phosphorylation at S657 by SGG/GSK-3␤. Unfortunately, initial attempts using cultured cells and flies were not conclusive in identifying the in vivo kinase(s) phosphorylating S661 of dPER, and ongoing experiments are aimed toward that goal. (560 -1034)-V5-His were immunoprecipitated from extracts prepared from S2 cells using anti-V5 agarose and pretreated with -phosphatase for 30 min, followed by extensive washing and equilibration in MAPK kinase assay buffer. Subsequently, the immune complexes were incubated with (ϩ) or without (Ϫ) 500 U of ERK2. After this incubation, immune complexes were washed with extraction buffer, equilibrated in GSK-3␤ buffer, and incubated with (ϩ) or without (Ϫ) 500 U of GSK-3␤. Phosphorylation was detected by adding [␥- 32 P]ATP to the in vitro kinase assays (see Materials and Methods), and radiolabeled bands were visualized by PAGE and autoradiography. The different phospho-isoforms are indicated (arrows, right of panels) and whether Ser657 or Ser661 are phosphorylated (bold). Note that ERK2 does not require previous phosphorylation to phosphorylate S661 of dPER (A, lane 3), an event that can prime subsequent phosphorylation by GSK-3␤ (A, lane 4). Addition of GSK-3␤ by itself does not lead to noticeable mobility shift in dPER(560 -1034) (A, compare lanes 1 and 2). Addition of ERK2 does not shift the mobility of the S661A mutant (B, compare lanes 1 and 3), and the addition of GSK-3␤ after ERK2 does not evoke an additional shift in the electrophoretic mobility of either the S661A mutant (B, compare lanes 3 and 4) or S657A mutant (B, compare lanes 5 and 6). Each experiment was done at least three times, and representative examples are shown.
Blocking phosphorylation of S661/S657 leads to longer periods
To evaluate the physiological significance of our findings, we generated transgenic flies whereby S661 was replaced with Ala (S661A) or Asp (S661D). In addition, we also analyzed an S657A mutant. The different mutations were engineered into a previously characterized vector that contains a 13.2 kb dper genomic fragment and also includes an HA epitope tag and a stretch of His moieties (10xHis) at the C terminus of the dper open reading frame, facilitating purification and surveillance of the recombinant protein (Lee et al., 1998; Kim et al., 2007) . We assayed the function of the transgenes in the arrhythmic per-null wper 01 (Konopka and Benzer, 1971) , as well as wper ϩ genetic backgrounds. Flies were subjected to standard entraining conditions of 12 h light/dark cycles (in which ZT0 is defined as the time when the light phase begins) at 25°C, followed by at least 1 week in DD to determine their free-running periods.
As shown previously, transgenic wper 01 flies harboring wildtype versions of the transgene [wper 01 ; per ϩ -HAHis; herein more simply referred to as per 0 ;p{dper}] manifest robust locomotor activity rhythms with normal ϳ24 h periods (Table 2 ( Kim et al., 2007; Ko et al., 2007; Chiu et al., 2008) . Intriguingly, flies expressing the S661A mutation [per 0 ;p{dper/S661A}] exhibit freerunning periods that are ϳ2 h longer compared with control transgenics (Table 2 ). The S661D mutation also lengthened periods by ϳ2 h, consistent with results obtained in transfected S2 cells whereby both the S661A and S661D mutants have similar effects in attenuating the extent of DBT-mediated hyperphosphorylation ( Fig. 1 and data not shown) . When p{dper/S661A} or p{dper/S661D} were evaluated in a per ϩ background, the period lengthening effects were abolished, indicating that wild-type dPER is dominant in the presence of either mutant allele. This is somewhat unusual because most period-altering mutant alleles of dper are semi-dominant (Hall, 2003) . The S657A mutant flies also exhibit longer periods but only ϳ1 h. The more severe behavioral phenotype in p{dper/S661A} flies could be attributable to the role of S661 in regulating phosphorylation at multiple sites on dPER (Figs. 1, 2) . The timing of evening activity in daily LD cycles is delayed for both the p{dper/S661A} and p{dper/S657A} flies, consistent with a longer endogenous clock period (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Finally, we also determined the effect of ambient temperature on behavioral periods for the p{dper/S661A} flies. A hallmark feature of circadian clocks is that they maintain relatively stable periods over a broad range of temperatures, a property termed temperature compensation (Pittendrigh, 1954) . In contrast, the p{dper/S661A} flies manifest progressively longer periods as temperature increases (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material), suggesting that the biochemical lesion underlying the altered pace of the mutant clock is exacerbated by heat. dPER/S661A manifests less extensive hyperphosphorylation in flies Based on the more severe behavioral phenotype in p{dper/S661A} compared with p{dper/S657A} flies, we mostly focused on characterizing the clockworks in the former mutant. To analyze the effects of the S661A mutation on dPER biochemical rhythms, we collected per 0 ;p{dper/S661A} flies at different times in LD and DD, prepared head extracts, and detected dPER protein using immunoblotting. Although there is a clear rhythm in the levels of the dPER(S661A) protein, the temporal phosphorylation program is less extensive compared with that observed in the control transgenics (Fig. 4 A) . This is readily observed when comparing dPER mobilities at ZT4, a time in the daily cycle when the slowest mobility isoforms of wild-type dPER are detected (Fig. 4 A, top  panel, lanes 1, 2; C) . Whereas the mobility of control dPER decreases between ZT23.5 and ZT4, that of dPER(S661A) is apparently "stuck" at the overall global phosphorylated state normally attained by ZT23.5 (Fig. 4C) . The inability of dPER(S661A) to reach the same degree of hyperphosphorylation as control dPER also occurred under constant-dark conditions, indicating that this is a bona fide circadian difference in dPER protein dynamics (Fig. 4 B, bottom panel, lanes 1, 7) . These results are remarkably similar to results obtained in S2 cells using recombinant dPER (Fig. 1 D) , supporting the notion that S661 is a key phosphosignal regulating phosphorylation at multiple sites on dPER. We did not observe reproducible differences in the extent of hyperphosphorylation for the S657A mutant compared with control dPER (data not shown), consistent with findings obtained in cultured cells (Fig. 2 D) .
To confirm that S661 is phosphorylated in flies, we generated phospho-specific polyclonal antibodies that recognize phosphorylated S661 (anti-pS661). Several lines of evidence demonstrate the high specificity of our anti-pS661 antibody for phosphorylated Ser661 (Fig. 4 D) (supplemental Fig. S4 , available at www. jneurosci.org as supplemental material). For example, phosphatase treatment of dPER expressed in either flies or S2 cells abolished detection by the anti-pS661 antibody (Fig. 4 D , bottom panel) (supplemental Fig. S4 A, available at www.jneurosci.org as supplemental material). In addition, the anti-pS661 antibody only recognizes the upper band of the dPER(560 -1034) protein produced in S2 cells (supplemental Fig. S4 A, available at www. jneurosci.org as supplemental material), consistent with our mutational analysis indicating that this slower migrating band is attributable to phosphorylation at S661 (Fig. 1 B) . Likewise, the S661A mutant is not detected by the anti-pS661 antibody (supplemental Fig. S4 B, available at www.jneurosci.org as supplemental material). A similar result was also observed when evaluating the P662A mutant (supplemental Fig. S4C , available at www.jneurosci.org as supplemental material), providing additional evidence that Ser661 is phosphorylated by a Pro-directed kinase. In this regard, S661 is still phosphorylated when probing the dPER(⌬dPDBD) internal deletion mutant (supplemental Total number of flies that survived until the end of the experimental period. Fig. S4 D, available at www.jneurosci.org as supplemental material), which eliminates the ability of DBT to stably bind and hyperphosphorylate dPER Nawathean et al., 2007) , further indicating that phosphorylation of S661 is not dependent on DBT function. When probing extracts prepared from control p{dper} flies collected at different times in a daily cycle, the relative staining intensity of S661 phosphorylated dPER [dPER(pS661)] was similar to that of total dPER, suggesting that phosphorylation at S661 is constitutive and not temporally regulated (Fig. 4 D, compare top and bottom panels). Because S661 is endogenously phosphorylated in S2 cells and is not dependent on DBT (Fig. 1B, Table 1 ) (supplemental Fig.  S4D , available at www.jneurosci.org as supplemental material), the combined results suggest that phosphorylation at S661 occurs in a stoichiometric manner on dPER with little to no steady-state removal in flies. This is different from our recent findings in which we showed that the DBT-mediated phosphorylation of Ser47, a key phosphosignal for SLIMB binding, is temporally restricted to the late day/early night (Chiu et al., 2008) . Unfortunately, we were not able to generate a high-quality antibody that specifically detects phosphorylated S657.
In addition to dPER levels, the abundance of dper mRNA fluctuates reaching peak levels in the early night and trough values in the late night/early morning (Hardin et al., 1990) (Fig. 5) . The daily cycle in dper mRNA levels from per 0 ;p{dper/S661A} mutant flies is similar to the wild-type situation in both LD and DD (Fig. 5) , except that the levels of dper RNA in the S661A mutant flies are slightly higher, especially during the daily accumulation phase in LD. The quasinormal dper RNA rhythm in per 0 ;p{dper/ S661A} mutant flies suggests that the transcriptional repressor activity of dPER/ S661A is not significantly altered. As an initial strategy to address this issue, we used the standard S2 cell-based assay and measured the ability of exogenously supplied dPER to inhibit dCLK-driven expression of a luciferase reporter placed downstream of an E-box containing circadian regulatory element (Darlington et al., 1998; Chang and Reppert, 2003) . Over a wide range of dper-containing plasmid amounts used in the transfection, dPER and dPER/S661A have similar abilities to inhibit dCLK-driven expression (supplemental Fig. S5A , available at www. jneurosci.org as supplemental material). The dPER/S657A mutant also showed similar repressor capability as the wild-type control (supplemental Fig. S5B , available at www.jneurosci.org as supplemental material). We attempted to evaluate the effects of the S661A and S657A mutants in the presence of exogenously supplied kinases (e.g., DBT and SGG) or inhibitors (e.g., lithium ions), but the results were not easily interpreted because kinases have direct effects on the trans-activation potential of dCLK-CYC (data not shown) (Kim and Edery, 2006; Weber et al., 2006) . Nonetheless, our combined results indicate that phosphorylation at either S661 or S657 has little effect on dPER stability or its ability to engage in feedback inhibition of dCLK-CYC-driven transcription. regulate different aspects of the daily activity rhythm in D. melanogaster. These dper-expressing clock cells include the small and large ventral lateral neurons (LNvs), the lateral dorsal neurons, and three groups of dorsal neurons (DN1-DN3) (for review, see Nitabach and Taghert, 2008) . The small LNvs are central for the maintenance of activity rhythms in constant-dark conditions and produce PDF, a circadian-relevant neuropeptide that can serve as a convenient cytoplasmic marker of these cells (Renn et al., 1999) . Wild-type dPER is first observed accumulating in the cytoplasm of small LNvs during the early night and displays a mixed cytoplasmic-nuclear localization at approximately ZT19 -Z20, which is followed a little later, such as by ZT22, by a more punctate pattern that is essentially exclusively located in the nucleus (Curtin et al., 1995; Shafer et al., 2002) (Fig. 6) . In sharp contrast, the nuclear accumulation of dPER(S661A) in the LNvs is delayed, e.g., at ZT22, the S661A mutant is mainly found in the cytoplasm or exhibits a mixed cytoplasmic-nuclear pattern (Fig. 6A-C) that eventually translocates to the nucleus by ZT24/ZT0 (Fig. 6A) . Thus, the S661A mutation does not block nuclear entry/accumulation but delays its by several hours. The delayed nuclear entry time of dPER(S661A) can readily explain the period lengthening effects of this mutation on the daily activity rhythm (Table 2) . Indeed, delayed nuclear accumulation of dPER in the LNvs during LD is strongly associated with longer behavioral periods in DD (Curtin et al., 1995; Martinek et al., 2001; Lin et al., 2002; Akten et al., 2003) . Thus, the lengthening of behavioral periods in the per 0 ;p{dper/S661A} flies (Table 2) is most intimately linked to primary effects on the timing of dPER nuclear entry in brain pacemaker neurons critical for driving behavioral rhythms.
Discussion
In animal circadian pacemakers, daily changes in the phosphorylated state of PER proteins drive time-of-day-specific changes in a number of its attributes, such as levels and subcellular localization, molecular oscillations that are inextricably linked to normal clock progression (Bae and Edery, 2006; Gallego and Virshup, 2007) . Time-delayed autoinhibitory feedback loops, whereby the negative arm inhibits the positive arm after some interval, are central to the oscillatory mechanisms underlying circadian clocks. The timing of when PER proteins translocate from the cytoplasm to the nucleus is thought to be a key aspect of the time-delay circuit in animal clocks, an event that regulates the pace of these clocks and initiates repression of CLOCK:BMAL1/ CYC transactivation, critical for generating appropriately phased cyclical gene expression. In addition, the subcellular localization of dPER/TIM defines how the clock in Drosophila responds to light. Exposure to light during the early night delays the phase of the clock by retarding the timing of dPER/TIM translocation to the nucleus, whereas similar treatments in the late night accelerate the nuclear clearance of dPER/TIM, which advances the phase of the clock (Lee et al., 1996; Myers et al., 1996) . A complex and integrated network involving TIM and several kinases (i.e., DBT, CK2, and SGG) regulate the nuclear accumulation of dPER (see Introduction). , and the staining distributions for all 24 small LNvs were tabulated (C). dPER was visualized with anti-HA antibodies (shown in green). PDF was visualized with an anti-PDF antibody (shown in red) and serves as a convenient cytoplasmic marker for the small LNvs. Note that, whereas punctate nuclear staining of control dPER is clearly observed by ZT22, the subcellular localization of dPER(S661A) is much more dispersed at this time with primarily cytoplasmic or mixed cytoplasmic-nuclear staining, eventually exhibiting primarily nuclear staining by ZT24.
mCRYs (Harada et al., 2005) , mPER2 (Iitaka et al., 2005) , and mammalian CLOCK (Spengler et al., 2009) . Of note, GSK-3␤ promoted the nuclear translocation of mPER2 in cultured mammalian cells (Iitaka et al., 2005) , similar to what is observed in Drosophila (Martinek et al., 2001) . Together with our results, this implies that GSK-3␤ has a conserved role in regulating the timing of when PER proteins translocate to the nucleus. To the best of our knowledge, our results are the first to identify and evaluate the in vivo significance of a GSK-3␤ phospho-site on a clock protein and raise the intriguing possibility that the periodaltering effects of lithium therapy are primarily mediated by modulating the timing of when PER proteins translocate to the nucleus, an event central to setting the pace and phase of animal clocks (Bae and Edery, 2006) . The identification of SGG sites on human PER proteins might facilitate the development of more efficient therapies to combat mood disorders.
